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A I]stract.  U A ILS hf IS mcasurcmcnts  of lower strato-
spheric CIO during the 1992-93 and 1993-94 Arctic win-
ters are IJrcsmtcd.  I!hrhanced  C1O in the 1992-93 winter
was first observed in early I)cccmhcr,  and cxLcnsivcly
throughout the vortex during ]“ebruary when tmqJcra-
turcs  were c.ontillua]ly  low enough for 1’SCS. Sporadic
cI)isodcs  of cnllanced  CIO were otrscrvcd  for most of the
1993-94 winter M minim]  m tcmpcraturcs hovered near
tllc I’SC ttlrcshold,  with largest C1O alnount.s occurring
in early hfrtrch after a sudden deep cooling in late Febru-
ary. ‘1’hc  ohscrvcd bcllavior  of cnhanccd  C]() supports
c.urrellt understanding that processes triggered by l)SCs
activrdc  stratospheric chlorine, and shows the alnoullt
of activation is IIigh]y  variaMc in tl)c Arctic vortex.

lntrocluction

‘1’llc Microwave l,imh  Sounder (MI,S) OJ] the Upper
Atlnc~~J)crc ltcscarch  Satell i te (UAIW) [lJrrrath  et rrl.,
1993] has now made mcasurcmcnts  of 03 and CIO, t.l)c
dominant form of reactive chlorine that, destroys 03,
tllrougll  tl]rcc Arctic winters. Waters  et al., [1993] dc-
scribc h!I,S CIO mcasurcmcnts  for the 1991-92 Arctic
wi]lt,cr,  with implications of lower stratosl)llcric  03 loss
ill January 1992 when ,C1O was greatly c~lhanced. Addi-
tiorlal cvidcncc  of 03 loss in the 1991-92 Arctic vortex
has been prcscntcd  [e.g., IIrowcll,  et al., 19f13; l’roflitt,
cl al,, 1 993; Salaroiich, ct al., 1 993; I,cJtvrx, ct al., 1994;
l,rfir)tan,  ct aL, 1994;  Manncy  ct al., 1994a]. Manney
ci al., [] 994a] also analyze MI,S mca..urcmcnts  durirlg
tllc 1992-93 Arctic winter, and show substantial cllc~n-
ic.al loss of lower stratospheric 03 during February arid
early hlarch  1993 associated with cnhanccd  CIO. IIcrc
wc I)rcscllt tllc hII,S 1992-93 Arctic winter Jowcr stratc
sIjlicric C1O observations in ]norc dct ail, as well as those
frmn tllc 1993-94 winter.

l)ata ancl Analysis

CIO a~ld 03 data used here arc from tllc h4J,S 205 GIJY,
radiolnetcr,  and in the h41,S version 3 files on the UAILS
Ccntra]  l)ata handling Facility. l’recisions (rms)  of in--
clividual nlmsurcmcnts at allitudcs reported here arc

wO.2 pp~nv for 03 and -0.5 pi)hv for 00, with cst,i-
lnatcd  almolute ac.curacics  of 15- 20~o [I)apcrs  in prepa-
ration by lhidcvaur cf al., and Waters  et al,].

‘lkmpcratures  arc from the US National  Meteorologi-
cal C,clltcr (Nh!C)  a~]alyscs.  Rossby-Ertcl  potential vor-
ticity  (1’V)  is calculated from Nh!C gcopotcntial  heights
and tcrnpcratures  a~ dcscrit~cd by Manncy  a n d  Ztirck
[1993]. NhlC  tcml>craturcs  arc used in interpolations
to iscntropic  surfaces. Vortex-averages arc calculated
as dcscrihcd  hy Manncy  ct al. [1 993], with estimated
})rccisions  of <0.05 ppmv for 03 and <0.1 pJ)bV  for CIO.

l{esulk

ligurc 1 shows time-series of vortex-averaged CIO and
03, and minimuln  Nh4C tcmpcraturcs  in the vortex, at
465 K potential temperature (w50 hl’a pressure, *2O krn
hcigllt).  l)ata from all three northern winters for which
M 1,S has observations arc included, and show the strong
intcrannua]  variat)ility. l,owcr stratospheric tcnlpcra-
turcs  in the 1991-92 and 1992-93 vortices dropped WCII
below tl)c threshold (w195 K) for polar stratospheric
cloud (1’S(3)  formation try lnid-l)ccc~nbcr  [e.g., Man-
ncy ct rri., 1994a]. A strong warming iJI 1991-92 [e.g.,
Manncy  and Zr. rink, 1993] raised minimum tcmpcraturcs
al)ovc 195 K by tllc end of January 1992. “1’hc  1992-
93 ]ninimum  Nh4C tclnpcratures remained below 195 K
until a strong war]ning in late l’cbruary  [Manncy ci
al., 19941)]. ‘I%C enhanced C1O in the vortex observed
by MI,S follows t}lc pattern of minimum tcmpcraturcs,
as cxpcctcd  due to chlorine activation by processes on
1’SCS [e.g., Soiomon,  1990].

Jiowcr  stratosIJlcric.  vortex minimum tcmpcraturcs in
~llid Dcccmbcr  1993 liovcred about the 1’SC threshold,
as they did at that time in tltc preceding two years. Near
t}lc cnd of l)cccml)cr  1993 they rose above the thresho-
ld, but the vortex rccovcrcd after this warming and
465 K minilnutn  tcmpcraturcs again hovered around the
threshold until late l’cbruary  [Manncy  et al., subnlit-
tcd to J GIt]. A sudden cooling occurred in late Febru-
ary, when the vortex strcnglhcncd and temperatures
dropped WC]]  below 195 K for about two weeks  until the
beginning of the final warlningc

l~igurc 2 SI1OWS  ]naps of CIO during the 1992-93 win-
ter fcm sclcctcd  days from hl 1,S north-looking periods
(30 Nov - 8J an; 10 Feb -18 h4ar). Minimuln  tclnpcra-
tures were below 195 K for a fcw days in early IIeccmt)cr,
and ctlhanced  C1O was observed over Siberia in weak
sutl]igllt downwind from t]ic region of lowest tcnqJcr-
aturcs. ‘lkmpcraturcs  remained low enough for I’SCS
aflcr  about 26 l)cc,  but were located nearer tllc vor-
tex ccntcr  than in J alluary  1992 and thus in a region
of weaker winds and ICSS  sunlight. C1O abundances in
early January were correspondingly lCSS in 1993 than in
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1992, Whrm  h41,S norlh-looking  rcsu~ncd  on 10 Fcb, low
tcmpcraturc.s  were prescrlt  near the vortex edge i]] a rc-
gio]l of strong winds which cxpcricnccd  sunsllinc.  ‘J’hc
10 24 11’cb ]naps  show the sunlit portion of the vortex
was filled with cnhanccd  C1O. As Arctic tcl]l~)craturcs
were c.olitinually below 195 K (Figure 1 ) while hlI,S was
soutll-lookiug  from 9 Jan to 9 Fctr, wc would also cxlJcct
cnllanccd  C1O throughout the vortex during this i)criod.
NhlC  tclnl)craturcs gcucrally  rose ahovc tllc I’SC for-
mation thrcsho]d  around 24 Fcb, and tllc cuhanccd  C1O
dccaycd during March.

l’igurc 3 shows Inaps of C1O during the 1993-94 wiu-
tcr fcm sclcctcd  days f’ro~o h41,S  IIorth-lookiug  per iods
(26 NOV -4 J an; 511’ctr -14 hlar).  Vortex tcmpcraturcs
were low enough for 1’SCS from shout 18 I)CC to 27 l)CC
(Figure 1). hfost  M1,S high-latitude mcrmrrcmcnts  in
the car]y portion of this l)criod occurred in darkness,
but cllllanccd  C1O was okrscrvcd  in weak sunlight and
incrcascd  as orbit precession lmougllt n~crwurcmcnts  i]lto
strollgcr  sunlight. More C1O is seen ou 2 Jan, alt}w$l
Nh’lC 465 K tclnIlcraturcs were above the no]nillal 1’SC
tl)rcsllold  by t}lcn, and the ohscrvcd C1O dccrcascd  sig-
nific.aut]y l)y 4 Jan. Minilnuln  tc]nI)craturcs  at 465 K
were slightly  I)clow 195 K durillg ~nost of tllc h!I,S south-
looking l)criod. Significantly cnhanccd  C1O was seen
in tl)c vortex at the beginning of north-looking mca-
surc~llcnts on 5 l’ckr, but at that ti[nc the tcrupcraturcs
rose above 195 K and CXO dccaycd during early a~ld Inid
l’clmuary  - with a slight increase following tllc Lricf
coolittg bc]ow  195 K on 8 lcb.

l,owcr strat,os})hcric temperatures in the vortex dc-
crcrwcd  abrul)tly  around 22 lcb 1994, and the coldest
period of tllc 1993-94 winter was 27 11’cb - 3 Mar with
minirnuln  tcln~)craturcs  <190 K. C1O incrcascd  greatly
following this cooling,  and rcmincd  siwifica~lth  cw
hanccd during early March. ‘1’hc low tcmperaturca dur-
ing this period were WCII  inside tllc vortex, a]ld IIcllc.c  in
a region of weaker winds tliall  was tllc case WIIC]I hil.S
obcrvcd  clll]anccd  C,1O in January 1992 and ]“cbruary
)993. Although most of the vortex rcccivcd sunlight
cluririg  late Fcl)ruary  al]d early hfarch 1994, tl)c weaker
winds at tl)c location of low tcmpcraturcx  suggest less air
was proc.csscd by }’SCS than in January 1992 or Febru-
ary 1993. ‘J’l]is is qualitatively consistcl]t  wit]l our obscr-
vatious  of tllc vortex not bci]lg so filled with c]ilianccd
C1O during the coldest periods of 1993-94 as in 1991-92
and 1992-93. ‘J’hc vortex gcucrally  warmed above 195 K
around 11 hfar  94, and the C1O at 465 K had dccaycd
c.onsidcrably by 14 h!ar.

lpigurc 1 shows that 465 K vortex-averaged Os in-
crca~cd  during  5 27 lctr 1994, but  dccrcascd  noticeably
during  early March, ‘J’hc vortex 03 dccrc~sc duril]g tllc
tilnc of cnllanccd  CIO in early hfarch 1994 suggests it
is fro]n clllorinc chemistry, hut Inorc studies arc nccdcd

to clarify the effects of dynalnics. This dccreasc is fur-
tllcr d iscussed by  Munncy,  ct aL, [suhnittcd  to J G R ]
who aualyzc  the evolution of 0s and polar vortices for
the t}lrcc nortllcru  and two southern winters of MI,S
observations.
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l’igure 1. Vortex ~nini~mlm  tcmpcraturc (top), average
C1O Inixillg ratio (middle: froln the ‘(day” half of tllc
orl)it, but includi]lg  Incasurcmcnts  lnadc  i n  dark~lcss
at higl] latitudes) and average 0 3 lnixillg ratio (t)ot-
tom) at 465 K potential tcmpcraturc  for 1 l)CC through
30 hfar during  the northcra winters of 1991-92 (green,
tl[in),  1992-93 (blue, lncdium)  and 1993-94 (red, thick).
l,argc ga])s  in C1O and 03 arc when MI,S looked south;
addi t ional  slnallcr gaps in 1993-94 arc duc to hil,S
problems. ‘JilIC vortex boundary is dctlacd  here m tllc
2.5x 10-5 K In2 kg-l s- lcontour of 1’V.

11’igurw 2. hfl,S  Inalm of lower stratospheric C1O for sclcc.tcd  days during  the 1992-93 northcm winter. ‘J’hc
llorizcnltal bar  sc~)aratcs periods bctwccn  which MI,S locd{cd  south for ~30  days. IJata arc froln tllc “day” half of
tlic ort~it, and have bccII interpolated vertically to 465 K potcnltial tclnpcraturc (w20 kfn height) and horizontally
hctwccn )ncasurc)ncat  locations. ‘1’tlc black co]ltour locates w]lcrc ~ncasurc~ncnts  were ]nadc wllcn the sun was at
910 zcmith angle (sza);  here sunlight bccomcs  weak and C1O dccrcasc towards night  is cxpcc.tcd  duc to rcduccd
C1OOCI ~,llotolysis. l)arkncss  occurs at *94”  sza for tllcsc altitudes, and tllc ‘lliglA’ side of 910 sza is po]cwards
of tt)c black contour on all days S}1OWII here, cxcc})t  for 3 hfar whca it was cquatorwards  (this varies due to orbit
prcccssioll and iaclinatioll). Mcasurclnc]]t  local solar til]lc al]d sza 0]1 a given day arc nearly constant around a
latitude circle. “J’l)c thin white circle concclltr-ic witt] the pole is the edge of polar aigllt, and h41f3  mcasurc~ncnts  do
]Iot  rcac.h the white area l)olcwards  of 80°. lrregu]ar  white co]ltours arc 1’V values of 2.5x 10-

5 K In2 kg- 1 s- 1 (outer
co]h,our) and 3.OX 10 -5 K m 2 k g- ] S-l (inllcr contour) whictl i~ldicatc the a~)l)roximatc  edge of the vortex. l,ight
violet contours indicate tcmpcraturcs of 195 and 190 K (i]lncr  contour) when they exist. Occasional isolated values
of high CIO call bc artifacts caused by i~lstru]ncnt uc)isc.

c[ll)allc.cd CIO 0]1 20 I)CC over Russia was lncasurcd  at ~+94°-sz’a and- -+3:50 p]n local solar
cnhallccd  C1O in this region was first observed by 19 I)CC and persisted for several days.

time (just at su]lsii);
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